Abstract: Presented in this paper are finite element (Abaqus) predictions for the strength of a 16 pultruded fibre reinforced polymer material subjected to pin-bearing loading with hole clearance.
between stacked layers. A cohesive zone model is implemented to predict the size and location of the 
43
Introduced in Mottram and Zafari (2011) is the rationale for steel bolting to be a main method joints the end distance (e1), which is the distance from the centre of the hole to the free edge 51 perpendicular to the loading direction has to exceed a limiting value for the bearing failure mode to 52 govern.
53
An advantage for bolted connection design failing in the bearing mode is that it might provide 54 the connection/joint with a degree of damage tolerance and structural integrity. Bearing failure can 55 be enhanced by: (i) correctly sizing the connection, usually end distance to fastener diameter ratio 56 e1/d  3 providing the width to fastener ratio is 4 or higher, see Bank (2006) , and Girão Coelho and Matharu is that testing was with and without bolt thread in bearing; only the latter connection 81 condition can be linked to the Finite Element (FE) work presented in this paper.
82
The FE modelling methodology applied by the authors uses options solely available from the introduce, and show how the approach is modelling the various failure modes, and, in particular, for 85 the parametric studies given later the critical mode of progressive delamination using cohesive zone models. A similar approach using Abaqus/Explicit has been reported by Du et al. (2016) mechanism leads to the lowest bearing strength.
106
The presence of composite material viscoelasticity (Mottram 2005) , and the influence of 107 structural actions on the bolted connection ensure that it will be unreliable to assume there can 108 always be lateral restraint at the end of the design working life, which can for a structure be, 50 or 
where n is the stress in pure opening mode, s is the stress in the first shear direction,t is the 156 stress in the second shear direction, fI (opening), fII (sliding)) and fIII (tearing) are the peak strength 157 values in the same directions, and: 
159
The latter modelling constraint in Eq. (2) and Zafari (2011), is that when the bearing load is aligned in the direction of pultrusion the load- clearance is, the lower is the pin-bearing strength (Yuan 1996) , and for a safe design the lowest 
219
The geometry was taken comparable to the experimental set-up, with the pin diameter as FE 220 modelling parameter. Fig. 2 defines the specimen geometry and shows the layered structure of the 221 SuperStructural web material.
222
Specific characteristics and attributes that were incorporated into the modelling are: Table 1 )) surface veil (non-structural) for UV protection and a barrier to moisture 246 diffusion. The NEXUS ® veil layer is resin-rich, non-structural and consists of randomly orientated 247 short 100% melt polyester fibres, which has a mass per unit area < 100 g/m 2 .
248
As seen in the PhD thesis by Lane (2002) , and with reference made to the testing procedure given in Ye et al.
263
(1995) and ASTM D2584-11 (2011). to have a processing variation for layer thickness.
271
The mechanical properties presented in Table 2 are defined with respect to the local co-ordinate 272 system, with: 1 for the pultrusion direction; 2 for the in-plane direction normal to the direction of The determination of the elastic constants for the three different laminae are reported in Table 2 280 was carried out using micromechanical modelling with volume fractions of the constituents 281 established by using the resin burn-off method, as described in Lane (2002 to be constant at 1.4 mm. The UD layers have a nominal constant thickness of 2.0 mm.
302
The strengths listed in the middle column in Table 2 are for the laminate. PFRP materials 
316
The four values adopted in this study are listed in the last column in Table 2 . They were not experimentally determined, but estimated based on research expertise and data available from the 
319
The assumed modelling inputs for interfacial mechanical properties are summarized in Table 3 .
320
To establish the peak strengths fI and fII = fIII for Eq. 
324
The critical normal interface traction (for opening mode) of the cohesive zone elements is therefore 325 assumed to be equal to the transverse tensile strength, f2,T, times the weakening factor. The critical 326 shear interface tractions (for sliding and tearing modes) are both assumed to be equal to the shear 327 strength, f2,S, times the same weakening factor.
328
It was found in a sensitivity analysis from a series of FE simulations that the overall response 
336
The piecewise linear traction-separation law of the cohesive elements is described according to 337 the lamina strength presented in the last column in Table 2 . Using the guidance from Camanho et for no cohesive interface between the two touching TSFM layers at mid-thickness is that Matharu
362
(2014) did not observe, after tests, delamination failure over this interface.
363
The in-plane mesh geometry for the interfaces had to be the same as that for the laminae. A 364 typical mesh with its very refined mesh specification is illustrated in Fig. 3 , where adjacent to the 365 hole a finer mesh is used to correctly capture delamination and the important contact situation. Note 366 that using mirror symmetry about the two TSFM layers at mid-thickness the mesh is for a thickness 367 of 4.8 mm (or t/2). The thickness of interface layers I1 and I2 are 10 -3 tlay, based on the 1.4 mm 368 TSFM layer thickness. Element size was increased towards the plate edges to reduce calculation time. The FE mesh specification in our study of the original material has a total of 27834 (M12) 370 continuum shell SC8R elements (or 32520 elements for the M20 specimen), and 18556 COH3D8 371 cohesive elements (M12 and two interfaces) (or 21680 elements for M20 specimen and two 372 interfaces). Interfaces I1 and I2 (or I3 and I4) are included in the FE model.
373
As mentioned earlier the (steel, smooth shafted) pin is modelled as a three-dimensional 374 analytical rigid body revolved shell.
375
Loading of the specimen is simulated by displacing the bottom edge against the fixed pin as and they have been reported in this paper.
383
The Abaqus implicit analysis is run with the laminae properties listed in Tables 2 assigned to   384 the appropriate UD or TSFM layers and with the interfacial properties in Table 2 could be taken to be the individual laminae strengths. The pin-bearing strength,
404
here expressed in terms of applied load, is reached when there is extensive delamination growth at Fig. 4(a) is for the M12 pin, and using the same axis scales the equivalent computational results
417
for the M20 pin are reported in Fig. 4(b) . The predicted load-displacement response is seen to start result.
428
Returning to the information in Fig. 4 , the peak (Abaqus) loads of 23 kN (Fig. 4(a) to determine pin-bearing strengths.
434
In Fig. 5 the deformed shape is shown at peak load (magnification factor is 2.5). the z-direction) is generated local to the hole perimeter, and within the influence of the bulge zone.
It can be speculated that when the maximum through-thickness tensile stress reaches fI, or the limit Table 3 .
451
The contour plots presented on interface surfaces in Fig. 6 show that, at maximum load, 452 delamination fracturing at the two interfaces has progressed from the hole into the body of the has to be with the maximum practical clearance. Illustrated in Fig. 8 are the delamination zones for 481 no clearance and the maximum loads of 25 kN for M12 ( Fig. 8(a) ) and of 37 kN for M20 ( is feasible to establish the clearance size at which the delamination growth at peak load first goes 489 beyond the confines of the bolt hole perimeter.
490
Keeping all other parameters constant to those in Matharu's testing, the next change to be 491 evaluated by a sensitivity analysis is the relative thicknesses of the UD and TSFM layers (for a 492 constant specimen thickness (t) of 9.6 mm). For both bolt diameters virtually constant load ratios for the two bolt sizes.
503
The next study investigates the effect of changing the thickness of the mid-thickness TSFM.
504
One reason for this parametric study is that the maximum load is governed by delamination failure 505 at interface I1, not I2 that is for the outer interfaces of the mid-thickness mat layer. The presentation 506 of information and computed predictions in Table 5 is the same as in Table 4 . The parameter change for M20 is 36, 37 or 38 kN.
514
Note that the delamination contours for the specimens covered in Tables 4 and 5 were found to   515 be similar to those shown in Fig. 6 . They are not reported in this paper because of lack of space.
516
Returning to the original study parameters (Matharu 2014) , the next variable to be examined is 517 reversing, in the laminate, the stacking sequence of layer TSFM1 or layer TSFM2 or of both. In the 518 original material interfaces I1 and I2 had UD fibres on one side and +45 o fibres from TSFM on the 519 other side. By reversing the TSFM layer the interface has UD and chopped strand fibres in contact.
520
Information in Table 6 follows Tables 4 and 5 
598
The satisfactory performance of the computational predictions in determining the response at 599 peak load encourages the authors to recommend that the Abaqus modelling methodology may be used to: (i) design the laminate (produced by the pultrusion composite processing method) for a 601 specified pin-bearing strength; (ii) predict the pin-bearing strengths for bolted connections having 602 parameters to be scoped in a structural design standard. 
